A versatile microreactor protocol based on microfluidic droplets has been developed for on-line protein digestion. Proteins separated by liquid chromatography are fractionated in water-in-oil droplets and digested in sequence. The microfluidic reactor acts also as an electrospray ionization emitter for mass spectrometry analysis of the peptides produced in the individual droplets. Each droplet is an enzymatic microreaction unit with efficient proteolysis due to rapid mixing, enhanced mass transfer and automated handling. This droplet approach eliminates sample loss, cross-contamination, nonspecific absorption and memory effect. A protein mixture was successfully identified using the droplet-based micro-reactor as interface between reverse phase liquid chromatography and mass spectrometry.
During the last decade, two approaches have been developed for proteomics research: top-down and bottom-up. Among the various strategies, shotgun proteomics has been widely used because of its high throughput and automation. The complex samples are enzymatically digested and then separated by high performance liquid chromatography (HPLC), before being analysed by mass spectrometry (MS) for sequencing via database searching. [1] [2] [3] [4] However, it is difficult to achieve the simultaneous digestion of large amount of proteins, the separation of thousands peptides and data processing for accurate protein identification. Peptides from high-abundance proteins may undermine the detection of those from low-abundance ones. 4 Therefore, if the protein mixture is completely pre-separated, where a simple protein component is found in each fraction, and followed with in situ digestion, more detailed information about protein sequence and post-translational modification would be obtained.
Recently, many strategies have been developed for proteomics through protein separation, such as Offgel electrophoresis, 5 proteolysis, peptide separation and MS detection. [6] [7] [8] The development of integrated platforms to achieve automatic operation of the whole systems have been proposed for high throughput characterization of proteins. 9,10 For example, Zhang et al. have established an integrated platform with the combination of protein separation by liquid chromatography (LC), on-line protein digestion by immobilized trypsin column, peptides separation and peptide identification by electrospray ionization mass spectrometry (ESI-MS/MS). 9 The immobilized trypsin has been demonstrated to be a highly efficient protocol for on-line digesting proteins. [11] [12] [13] [14] However, the micro-reactors have the drawback of non-specific absorption of proteins and peptides resulting in a memory effect, which hampers the large-scale proteome study. It is also difficult to collect fractions for storage and further protein characterization. Compartmentalization of effluents into droplets with microfluidic chip has emerged as a novel way to collect fractions from separation methods such as HPLC and CE. 15, 16 Droplet-based microfluidic technique offers an attractive alternative to conventional microfluidic chips based on continuous flow systems by performing chemical and biological reactions in picoliter to nanoliter volumes without dilution and cross-contamination. [17] [18] [19] [20] In essence, each droplet is analogous to a conventional reaction unit but with the advantages of the following: reduced reagent consumption, rapid mixing, enhanced diffusion, efficient heat and mass transfer, automated handling and continuous processing. 21 Meanwhile, mass spectrometry is the most attractive analytical technique for the analysis of segmented flows, because it has the high sensitivity and speed for the analysis of low volume samples at high throughput. Recent advances in mass spectrometry 22 and microfluidics 23 have enabled integration of these tools to address the requirement of high-throughput protein analysis. 24 Based on these ideas, we present a droplet-based microfluidic reactor for online tryptic digestion of proteins from HPLC fractions for the first time. The generated peptides were either collected for matrix-assisted laser desorption/ionization (MALDI) MS analysis or directly electro-sprayed from the outlet of the microchip for MS identification. In this way, the proposed droplet micro-reactor can be used as an interface between protein separation by liquid chromatography and peptide analysis by mass spectrometry. Such an integrated platform has been successfully applied for the analysis of a mixture of proteins.
A schematic illustration of the droplet-based protocol is shown in Fig. 1 . The microfluidic device was fabricated following the softlithography technique, using polydimethylsiloxane (PDMS) as the base material. The general design and dimensions of the device are shown in Figure SI -1{. A covalent surface modification was carried out to obtain a stable hydrophobic coating on the PDMS microchannels. After plasma bonding, aquapel, a commercially available water repellent agent, was flushed through the device for a few seconds for the surface modification; the microchip was then baked at 65 uC for 20 min. 25 Protein sample (A), trypsin solution (B), oil (C) and pH regulating solution (D) were mixed from different inlets as shown in Fig. 1 . The droplets were generated and the digestion reaction took place when the droplets travelled through the microchannels. All the reactions temperature was controlled at 37 uC. Here perfluorodecalin (PFD) was used as the oil phase since it is difficult to charge in a certain ionization voltage range in order to generate interference signals on MS. It is also biologically inert, showing no deleterious effect on the enzymatic reaction. 26 Cytochrome-c (Cyt-c) was firstly employed as a model protein to evaluate the effectiveness of the droplet microreactor. 10 ng mL 21 Cyt-c (in water), 1 ng mL 21 trypsin (in 40 mM NH 4 HCO 3 aqueous solution) and PFD were infused from inlets A, B and C at flow rates of 120, 120 and 300 mL h 21 , respectively. Aqueous droplets (pH 8) were formed and digestion occurred rapidly in the droplets at 37 uC in 2 min. At the end of the reaction channel, 1% formic acid (FA) solution was injected at a flow rate of 200 mL h 21 to terminate enzymatic reaction and adjust buffer pH for MS analysis. 27, 28 The side channel (as shown in Fig. 1 ) was wetted with adjuster buffer firstly and every droplet could be fused with buffer at the selected flow rates. The effluents were collected and analyzed by MALDI-TOF-MS. 14 peptides were successfully identified in this droplet microchip, as shown in Fig. 2a , revealing the highly efficient enzymatic reaction of the microfluidic droplet reactor. The enhanced reaction rates could be attributed to the internal flow circulation within the droplets. 18 Considering that protein fractions from reverse-phase liquid chromatography (RPLC) normally contain various concentrations of acetonitrile (ACN), ACN was added into the Cyt-c solution with different concentrations while keeping the other conditions constant to study the effect of organic solvents on the digestion efficiency. When the concentration of ACN in solution A was 50%, corresponding to 25% ACN in a droplet, 16 tryptic peptides were successfully identified. Even when the concentration of ACN in solution A was increased to 90%, corresponding to 45% ACN in a droplet, 16 peptides could still be identified (as shown in Fig. 2b ). It was reported by Schriemer et al. that more efficient digestion can be obtained in the presence of ACN at a certain concentration. 29 The mixed organic-aqueous conditions would favour a partial denaturation of proteins, therefore some previously inaccessible reaction sites in proteins are exposed for enzymatic cleavage. 30 Results in Fig. 2 indicate that the digestion of proteins can be achieved within the droplet-based enzymatic reactor containing ACN up to 45%.
Another outstanding feature of the droplet-based microchip is its compatibility with ESI-MS. In this work, a stainless steel needle with 250 mm outer diameter and 100 mm inner diameter was used as an ESI emitter. Based on the developed approaches for microchip droplets-ESI-MS analysis, 26, 31, 32 the electrospray voltage was optimized with a series of aqueous samples of reserpine in immiscible oil, PFD, in full scan mode. The reserpine (100 pg mL 21 aqueous solution), reserpine (100 pg mL 21 aqueous solution) and PFD were infused into the inlets A, B and C at flow rates of 120, 120 and 300 mL h 21 , respectively (as shown in Fig. 1 ). When the ESI was performed at an ionization voltage of 2.0 kV, the total ion current (TIC) revealed that the signals of reserpine (m/z 609.3) were detected from aqueous droplets but no signal was obtained from oil segments with the microchip droplets ESI-MS (as shown in Figure SI-2{) . The oil phase formed droplets at the emitter, and then migrated along the outside of the tip away from the emitter, presumably by gravity and wetting. 26 When the ionization voltage Fig. 1 Schematic presentation of the integrated platform for protein analysis, combining protein separation by HPLC, on-line digestion by a droplet-based microfluidic reactor, and protein identification by ESI-MS/ MS. The separated proteins were infused directly into the channel from inlet A, trypsin was infused from the inlet B and the oil (PFD) was infused from inlet C. The pH adjuster (50% ACN/49% water/1% FA) was infused through the inlet D. was increased, the TIC increased as well. However, the oil phase was sprayed when an ionization voltage higher than 2.0 kV was used, which interfered with MS analysis. Therefore, optimal ESI voltage was determined to be around 2.0 kV and used for the following experiments.
One of the main challenges of the integrated system is the compatibility of pH values and matrix buffers, since the optimal buffer solutions and pH values of various procedures are different: the ideal buffer solution for positive ESI should be a low pH aqueous solution containing at least 50% methanol or acetonitrile; the tryptic digestion of proteins should be performed under weak basic condition (i.e. pH 8.0); the protein fractions from RPLC are normally in a low pH aqueous solution containing FA or trifluoroacetic acid (TFA). Herein, we adjusted the pH of the solvents in the microfluidic chip for optimizing reactions and response signals. The protein solution (in 50 : 49.9 : 0.1 ACN : water : FA), which has similar solvent properties as the fractions from RPLC, and the trypsin solution (in 60 mM NH 4 HCO 3 aqueous solution) were infused into inlets A and B at flow rates of 120 and 120 mL h 21 , respectively. The pH value of the reaction in droplet was then 7.6, suitable for tryptic reaction. To adjust the pH of droplet solution to a low value for well electrospray ionization, the pH adjuster was directly added to the droplet through a side channel from inlet D (Fig. 1) with an appropriate flow rate based on the previous research. 27 It was reported that the neutralization of acid and alkali could be completed when the merged droplets proceeded through the short channel before emitter tip for few seconds. 28 Herein, a buffer of 50 : 49 : 1 ACN : water : FA was infused into the inlet D at a flow rate of 200 mL h 21 for altering the pH value to match electrospray ionization, where the effluent pH value was about 3.2. Using the above conditions, proteins could be digested on-line in the droplet-based microreactor and identified with the ESI-MS identification. As shown in Fig. 3 , myoglobin (Myo, 100 ng mL 21 ) was identified with 9 peptides corresponding to an amino acid sequence coverage of 60%. The detailed information of identified peptides was shown in Table SI-1{. As a comparison, 100 ng mL 21 myoglobin was digested in solution for six hours. 15 peptides were observed and the amino acid sequence coverage was 71% (Table SI-2{). Digestion of bovine serum albumin (BSA, 100 ng mL 21 ) was also performed and 5 peptides were identified using such droplet reactor ( Figure SI-3{ and Table SI-3{). These results demonstrate the potential of the present system used as an effective interface to collect HPLC fractions, avoiding cross-contamination between the droplets.
The final goal of this platform is to perform rapid online digestion, integrated with protein separation and peptide identification steps for automatic analysis of proteins. Separation methods can be RPLC using C4-C8 stationary phases in capillary columns, 33 reverse-phase nonporous columns, 34 or monolithic polymer columns. 35 These methods are well recognized to be powerful for intact protein separation, providing numerous advantages including high resolution, high sensitivity, and effective coupling to mass spectrometry. To evaluate the performance of such a system, a three-protein mixture, including Myo, lysozyme and Cyt-c was analyzed, and the results are shown in Fig. 4 . Proteins were well separated into three fractions by RPLC, and each fraction was compartmentalized on-line into droplets that flowed in-sequence through the microchannel for online digestion and identification by ESI-MS/MS. By database query, all proteins, Cyt-c, Myo and lysozyme, were successfully identified with 13, 8 and 5 peptides, corresponding to amino acid sequence coverage of 67%, 61% and 53%, respectively. The detailed peptide information was shown in Table SI-4 to Table SI -6{.
The system developed here incorporates a C4-based reversedphase liquid chromatography. However, other protein separation technologies could also be adapted. In this platform, no fraction collection is required for proteolysis because the digestion is on-line and in real-time. This would benefit automation and reduce sample loss, since all sample-handling steps are eliminated. Moreover, an integrated separation-digestion-ESI-MS/MS system would substantially reduce the analysis time associated with processing protein mixtures.
Conclusions
In this study, a droplet-based proteolysis reactor has been developed to fractionate proteins separated by HPLC for an online digestion, where the generated peptides are identified by ESI-MS/MS. The effluent of separated proteins mixed with trypsin were distributed into nanoliter reactors by water-in-oil droplet and digested with high speed when flowing through the microchannel. No sample cross-contamination or memory effect was observed. The system performance could be further improved by employing Fig. 3 a) The base peak chromatography of the on-line protein (100 ng mL 21 myoglobin) identification with the microfluidic reactor-ESI-MS/MS platform; b) The mass spectrum of myoglobin obtained from the apex of the peak indicated by dashed line in a); the insert is the ESI-MS/MS spectrum of the peptide at m/z = 680.9 Th with the sequence of ALELFRNDIAAK; 100 ng mL 21 myoglobin in 50 : 49.9 : 0.1 ACN : water : FA at a flow rate of 120 mL h 21 was infused into the droplet-based microchip via inlet A, while the other conditions were same as those in Fig. 2 . The ESI voltage was 2.0 kV. * The identified peptides from myoglobin. incorporate emitter tip. All these results demonstrate that such a droplet-based microchip would be a promising alternative protocol used as a component of a highly integrated proteomics strategy.
